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284a Monday, February 17, 2014thermodynamics of each type of kissing complexes one molecule at a time,
and use mass spectrometry to take a snapshot of simultaneous equilibria of
multiple kissing interactions by many molecules. Especially, we examine
strength of relatively weak kissing interactions at single-molecule level and
monitor their competition with formation of stronger kissing structures at
ensemble level. To compare the two types of measurements, we take into
account different experimental conditions, including salts, concentrations of
RNAs, time vs. numerical averaging, equilibrium vs. non-equilibrium, and
difference between intra- and intermolecular interactions. With these adjust-
ments, we establish a quantitative correlation between two types of measure-
ments, which can be used to accurately predict abundance of subpopulations,
especially that of rare species, in a heterogeneous mixture. These results
show that complementary information of an interacting network, generated
by the two-pronged methodology, can be unified in a thermodynamic
framework.
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Structured RNA in non-coding regions plays crucial regulatory roles in gene
expression. Riboswitches are important representatives of such structured
RNA that can prevent expression of the downstream gene by terminating
transcription or attenuating translation. Typically, one out of two distinct
structural conformations is formed depending on ligand binding. Transcrip-
tion and extrusion of the nascent strand out of RNA polymerase take place
at time scales comparable to those of folding and binding. We investigate
these interdependent processes by simulating the extrusion out of RNAP
and concurrent folding by two complementary computational techniques.
Molecular Dynamics simulations with native structure-based models [1] pro-
vide atomically resolved structural detail while energetically more detailed
kinetic Monte Carlo simulations [2] give access to longer timescales by
describing folding on the secondary structure level. Depending on the sce-
nario, we observe and quantify different pathways in structural formation
which complements experimental measurements [3] and helps to understand
the dynamic behavior of nascent RNA.
[1] Lutz B et al., eSBMTools1.0: enhanced native structure-based modeling
tools, Bioinformatics (2013) doi: 10.1093/bioinformatics/btt478.
[2] Faber M and Klumpp S (submitted).
[3] Frieda K and Block S, Direct Observation of Cotranscriptional Folding in an
Adenine Riboswitch. Science 338 (2012): 397-400.
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The importance of RNA secondary structure to 3D structure has long been
appreciated, but a quantitative understanding of the linkage between the
two has remained unclear. Recent results from our labs have indicated that
simple steric and connectivity properties of RNA secondary structure
strongly constrain and bias the 3D conformations that are sampled by
RNA junctions. To further investigate the significance of these so-called to-
pological constraints we have performed extensive simulations of various
cytosolic tRNAs (ctRNA), mitochondrial tRNAs (mtRNA), and variants of
the hairpin ribozyme using a specialized coarse-grained molecular dynamics
model. This model reduces RNAs to collections of semi-rigid helices linked
by freely rotatable single strands and ignores attractive and electrostatic
forces, thus isolating the effects of topological constraints on RNA structure.
Our simulations reveal that secondary structure changes as small as the inser-
tion or deletion of one nucleotide into a junction loop can significantly alter
the entropic cost of folding due to changes in topological constraints. In the
hairpin ribozyme, such single nucleotide changes modulate the tertiary struc-
ture folding free energy by ~0.5 kcal/mol. More radical changes in junction
topology alter folding free energies by >2 kcal/mol. These results are in
strong agreement with previous experimental findings. In mtRNA, we
show that a single nucleotide insertion, by altering topological constraints,
causes a decrease in melting temperature of ~10 C. This decreased melting
temperature provides a possible mechanism for the pathogenicity of such
mutations in humans. Together, our results indicate that simple topological
constraints imposed by secondary structure are a powerful determinant of
RNA 3D structure.1450-Pos Board B180
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RNA molecules are known to perform a variety of functions that are strictly
dependent on their tertiary structures. Both large and small molecules can adopt
complex and multiple architectures, including pseudoknots, multiple base pairs
interactions, or alternative configurations as in riboswitches.
Despite experimental efforts, many questions remain on how RNA molecules
fold and their thermodynamical properties. Similarly determining their tertiary
structures is still a challenge by means of computer simulations.
With the aid of HiRE-RNA [1,2], a coarse-grained force field we develop, and
enhanced sampling techniques such as Replica Exchange Molecular Dynamics
[3], we are able to explore the conformational landscape of RNAs up to about
100 nucleotides, both in single and double strands, and to provide answers on
both their dynamics and thermodynamics.
The introduction of a few constraints imposing a small number of base pairs,
greatly improves the folding success by reducing the phase space. We discuss
how these constraints can be introduced during simulation, and how the results
depend on their numbers and locations in the RNA architectures.
[1] Pasquali, S.; Derreumaux, P. HiRE-RNA: a high resolution coarse-grained
energymodel forRNA,The Journal ofPhysicalChemistryB2010, 114, 11957-66.
[2] Cragnolini, T.; Derreumaux, P.; Pasquali, S. Coarse-Grained Simulations of
RNA and DNADuplexes, The Journal of Physical Chemistry B 2013, 117 (27),
8047.
[3] Chebaro, Y.; Mousseau, N.; Derreumaux, P. Structures and thermody-
namics of Alzheimer’s amyloid-beta Abeta(16-35) monomer and dimer by
replica exchange molecular dynamics simulations: implication for full-length
Abeta fibrillation. The Journal of Physical Chemistry B 2009, 113, 7668-75.
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We report on the observation of a change in the bend angle or twist of an RNA
kissing complex upon Rop binding. Subtle global changes in molecular struc-
ture upon binding are generally difficult to discern using NMR or crystallog-
raphy. FRET is well suited to observe these changes because of its
sensitivity to interdye distance around the Fo¨rster radius, typically z5nm.
For this reason, FRET is often referred to and used as a ‘‘molecular ruler’’
on this length scale. Here we show that for dye pairs that have minimal rota-
tional freedom, FRET can also be used to observe changes in structure for
which there is no significant change in distance between the dyes. The
R1inv-R2inv kissing complex studied here is derived from the RNA I - RNA
II system in E. coli. RNA II is a primer for replication of the ColE1 plasmid;
its function is modulated by interaction with RNA I. Rop is known to bind
and stabilize kissing complexes. It is also known to bind RNA in a structure,
but not in a sequence dependent fashion. It has long been thought that Rop in-
creases the bend of the R1inv-R2inv complex upon binding, but this has never
been directly observed. Here we use FRET and modeling to investigate the
structural change of this kissing complex upon Rop binding.
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Telomerase is a ribonucleoprotein (RPN)
responsible for maintaining the ends of
linear eukaryotic chromosomes and has
serious implications for both aging and can-
cer. The single RNA component of the RNP
enzyme has a highly conserved pseudoknot
motif that is critical for proper biological
function. Single-Molecule Fluorescence
Resonance Energy Transfer (smFRET) mi-
croscopy is used to investigate the folding ki-
netics and thermodynamics of a minimal
wild-type (WT) pseudoknot construct. Urea
is used in conjunction with the smFRET ex-
periments to: (i) aid in determination of the
kinetic and thermodynamics parameters
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are compared and contrasted to the results of a nearly identical RNA construct
with a 2 nt substitutionmutation associated with the genetic disorder dyskeratosis
congentia (DKC). As expected, the WT RNA construct (DGWT = 4.25 0.2
kcal/mol) is substantially more stable than the DKC construct (DGDKC =
0.265 0.05 kcal/mol]. The kinetic origin of this differential stability is the result
of a substantially increased folding rate constant (~400 times faster) for the WT
and a subtle reduction of the unfolding rate constant (~5 times slower).
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Riboswitches are RNA structured elements that modulate fundamental path-
ways in bacteria and plants. Depending on the availability of their sensed
metabolite they undergo a conformational change that turns on or off gene
expression. In the add adenine riboswitch from Vibrio Vulnificus there are
three crucial spots for the switch between the two conformations: the P1
stem, the kissing-loops and the binding site for adenine. Our work is based
on advanced in silico techniques, including atomistic molecular simulations,
steered molecular dynamics, umbrella sampling, metadynamics and
Hamiltonian replica exchange. First we
investigated the P1-ligand dependent
stabilization quantifying this effect in
terms of free energy (Di Palma et al
doi:10.1261/rna.040493.113). Then we
evaluated the different contributions that
Mg2þ and adenine give to the formation
of the tertiary interactions between the
two loops and we analysed the influence
of these interactions on the binding site.
The obtained data are in quantitative
agreement with experiments. The atom-
istic description of metabolite binding,
RNA-Mg2þ interaction, and tertiary-
contact formation clarifies the details of
the ligand-aptamer interactions and of
the role of divalent cations in the global
aptamer folding.1454-Pos Board B184
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Binding of a small RNA (miRNA, snoRNA, siRNA) often regulates the expres-
sion of messenger RNA. The net free energy consists of the contribution of
binding, which is well parameterized and fast to compute, offset by the penalty
to remove pre-existing mRNA secondary structure, which is O(N3) to compute
with previous methods. Here we introduce a base-composition-dependent
model for the mean free energy to open
the target which runs in O(N). Imple-
mented in our BINDIGONET algorithm,
this model for the net binding free energy
of spliceosomal U1-snRNA to real and
decoy donor splice sites enhances
accuracy.1455-Pos Board B185
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Non-protein coding RNAs perform essential functions in living organisms.
They commonly exist as dynamic ensembles of conformational states. While
many structurally known RNAs are trapped in one or a few conformations
by interactions with proteins or tertiary contacts between stems, bulges, or
loops the knowledge of equilibrium structures, conformational space, and ter-
tiary conformational changes of large RNAs not being restrained by external or
tertiary interactions is still very limited.Helical four-way and three-way junctions (4WJs and 3WJs) are an essential
structural motif of the for functional RNA structures. Here we explore the to-
pology of a set of a 4WJ and related 3WJs related to the hairpin ribozyme by
measuring more than 250 different FRET-pairs using single-molecule multi-
parameter fluorescence detection [1]. Using FRET restrained high-precision
structural modeling combined with full atom MD simulations as a hybrid
tool [2,3], we resolve the structures of three coexisting conformers of a fully
Watson-Crick base paired RNA4WJ. By a suitable choice of the number of ba-
ses in the bulges the helices arrangements of the corresponding 3WJs can span a
huge conformational space which is necessary for the stem communication in
functional RNAs.
[1] Sisamakis, E., et al.; Methods in Enzymology 475, 455-514 (2010).
[2] Sindbert, S., et al.; J. Am. Chem. Soc. 133, 2463-2480 (2011).
[3] Kalinin, S. et al. Nat. Methods 9, 1218-1225 (2012)
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Cyanine dyes are commonly attached to the 3’ or 5’ termini of nucleic acids to
study folding and binding using FRET. It has been known for some time now
that, to some extent, these dyes stack on the ends of duplex DNA, which com-
plicates the interpretation of FRET. We used molecular dynamics (MD) simu-
lations to study the indocarbocyanine dyes Cy3 and Cy5 attached to the 3’ or 5’
terminal bases of a 16-base-pair RNA duplex. The resulting trajectories for the
inter-dye distance and dye orientation factor (k2) are then used to predict FRET
for the various RNA constructs. The results show that the average value of
FRET depends on both the terminal base and the linker position. In particular,
3’ attached dyes typically explore a wide region of configuration space, and the
relative orientation factor, k2, has a distribution that approaches that of free-
rotators. This is in contrast to 5’ attached dyes, which spend a significant frac-
tion of their time in one or more configurations that are effectively stacked on
the ends of the RNA duplex. However, even for the relatively free 3’ attached
dyes, the correlation time of k2 is still too long to justify the use of a free-
rotation approximation.
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RNA can fold into complex tertiary structures, much like proteins, and ex-
hibits significant conformational dynamics that are a central facet of its func-
tions. Two limiting types of RNA motions occur: equilibrium fluctuations
and induced conformational changes. Equilibrium fluctuations are sponta-
neous transitions between conformers along the RNA free energy landscape
and conformational transitions occur when the free energy landscape is per-
turbed to generate new minima and change the energy barriers between
minima. Surprisingly, little experimental data are available for equilibrium
fluctuations for even simple RNA, and even less is known about the driving
forces for conformational transitions in large RNAs. In part this is due to
limiting technologies. One technology, SHAPE, has overcome many of the
limitations for studying large RNAs. SHAPE, for selective 20-hydroxyl acyl-
ation analyzed by primer extension, has revolutionized RNA secondary
structure prediction and provides a transformative experimental approach
to investigate nucleotide specific equilibrium fluctuations and conforma-
tions. SHAPE reactivity is governed primarily by nucleotide flexibility,
which in turn is governed by secondary and tertiary structure constraints.
In practice, SHAPE provides nucleotide level resolution of RNA structure
and dynamics in RNA of any size. We hypothesize that the solvent isotope
effect on SHAPE chemistry will allow insights into the roles of hydrogen
bonding and solvation on RNA structure and dynamics. Here, we describe
the initial experiments and theoretic basis for interpreting this solvent
isotope effect.
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While major contributors to the free energy of RNA tertiary structures such
as base pairing, base stacking and charge and counterion interactions have
been studied extensively, little is known about the intrinsic free energy of
the backbone. To assess the magnitude of the entropic strains along the
